Plant wounding response must be a rapid and coordinated process in the local region of injury, since wounded sites are known to be the main entry points for all kinds of plant pathogens, such as fungi, bacteria and viruses ([@b1-ppj-30-168]). Therefore, plants have evolved mechanismswhich integrate the wounding and pathogen response. In fact, wounding response overlaps extensively with pathogen response, and both responses involve a number of the same plant hormones, such as jasmonic acid (JA), salicylic acid (SA) and ethylene (ET) ([@b2-ppj-30-168]; [@b19-ppj-30-168]). Therefore, research associated with the signal transduction of plant wounding response is useful to understand the plant defense response against biotic stress. However, most of these studies have been based on dicot plants, and as such, these processes are less-well understood for monocot plants, such as rice.

The mitogen-activated protein kinase (MAPK) cascade is a major and evolutionally conserved signal pathway, which is a major component downstream of receptors/sensors and transduces extracellular stimuli into intra- cellular responses in eukaryotic cells ([@b8-ppj-30-168]). MAPK cascades are three protein kinase component system, MAPK, MAPK kinase (MAPKK) and MAPKK kinase (MAPKKK). Extensive studies have shown that salicylic acid-induced protein kinase (SIPK), and wound-induced protein kinase (WIPK) in tobacco, and their functional orthologs of *Arabidopsis* MPK6 and MPK3, respectively, which are induced by response to wounding, fungal and bacterial pathogens ([@b3-ppj-30-168]; [@b20-ppj-30-168]). It was identified that NtMEK2, a tobacco MAPK kinase, is the upstream kinase of SIPK and WIPK, and was found to induce the production of ethylene, defense-related gene expression, and HR-like cell death ([@b27-ppj-30-168]). In *Arabidopsis*, MKK4 and MKK5, two *Arabidopsis* orthologs of NtMEK2, activate downstream MAPKs MPK3/MPK6 ([@b18-ppj-30-168]). MPK3/MPK6 regulates the biosynthesis of camalexin by phosphorylation of the WRKY33 transcription factor, which promotes the expression of camalexin biosynthetic genes ([@b17-ppj-30-168]). In case of rice, OsMPK1 and OsMPK5 are the most characterized among all of the 17 rice MAPKs. OsMPK1 is also called as OsSIPK and OsMPK6, which is a functional orthologs of tobacco SIPK and *Arabidopsis* MPK6 ([@b21-ppj-30-168]). OsMPK5 is also called as OsMAPK5, OsBIMK1 and OsMPK3, which is a functional orthologs of tobacco WIPK and *Arabidopsis* MPK3 ([@b21-ppj-30-168]). The expression of *NtMEK2^DD^*, which encodes the constitutively active mutant of NtMEK2, in *NtMEK2^DD^* transgenic rice plants activates the endogenous rice 48-kDa MAPK and leads to HR-like cell death, which was preceded by the generation of H~2~O~2~ ([@b7-ppj-30-168]). In addition, chitin elicitor activates two rice MAPKs (OsMPK1 and OsMPK5) and one MAPK kinase (OsMKK4), and OsMKK4-OsMPK6 (OsMPK1) cascade mediates a fungal chitin elicitor signal and regulates defense responses, including antimicrobial biosynthesis, leading to plant cell death without extracellular reactive oxygen species (ROS) production ([@b11-ppj-30-168]). These evidences suggest that both dicot and monocot plants have a similar conserved MAPK cascade to that of the tobacco NtMEK2-SIPK/WIPK pathway. However, wounding-responsive MAPK cascade and downstream substrates of MAPK are poorly understood in rice.

In this study, therefore, we demonstrate that OsMKK4 acts as the upstream kinase for OsMPK1, both *in vitro* and *in vivo*, after wounding. In addition, OsMPK1 directly interacts with OsWRKY53 and OsMPK1 activated by the constitutively active mutant OsMKK4^DD^ phosphorylates OsWRKY53 *in vitro*. Taken together, our results suggest that OsWRKY53 may function downstream of wounding-responsive OsMKK4-OsMPK1 cascade in rice.

Materials and Methods
=====================

Plant materials and treatments
------------------------------

Wild-type (*Oryza sativa* L. cv. Dongjin), *NtMEK2* *^DD^* and *NtMEK2^KR^*, constitutively active mutant and inactive mutant of *NtMEK2*, respectively, transgenic rice seeds were surface-sterilized and germinated. Leaves were wounded using scissors, and *Magnaporthe grisea*-infected leaves were harvested at the indicated time points. The detached 8-week-old *NtMEK2^DD^* transgenic rice leaves were placed in a solution containing 100 μM DEX for 48 h and were then collected.

Antibody production, *in vitro* pull down assay, immunoblot analysis and in-gel kinase activity assay
-----------------------------------------------------------------------------------------------------

Polyclonal specific antibodies were raised in rabbits against amino acids 1 to 30 of OsMKK4, and amino acids 61 to 100 of OsMPK5. However, the antibody for OsMPK1 was finally raised against the whole protein of OsMPK1 purified from *E. coli*, because antibody with peptides for OsMPK1 showed non-specific binding to the different proteins. After affinity purification, the specificity and cross-reactivity of these antibodies were assessed by using immunoblot analysis. Immunoblot analysis using anti-Flag, anti-Histidine, anti-GST, anti-OsMKK4, anti-OsMPK1, and anti-OsMPK5 were carried out as described previously ([@b7-ppj-30-168]). In-gel kinase activity assay was performed with myelin basic protein (MBP) as a substrate for kinase as described previously ([@b7-ppj-30-168]). Briefly, 15 μg of protein extracts were electrophoresed on 10% SDS-polyacrylamide gels embedded with 0.1 mg/ml MBP in separating gel as a substrate for the kinases. After electrophoresis, the SDS was removed from the gel by washing with washing buffer (25 mM Tris-HCl, pH 7.5, 0.5 mM dithiothreitol, 0.1 mM Na~3~VO~4~, 5 mM NaF, 0.5 mg/ml bovine serum albumin and 0.1% Triton X-100) three times for 30 min each at room temperature. The proteins were then renatured in buffer (25 mM Tris-HCl, pH 7.5, 1 mM dithiothreitol, 0.1 mM Na~3~VO~4~ and 5 mM NaF) at 4°C overnight with three changes of buffer. The gel was then incubated in 100 ml of reaction buffer (25 mM Tris-HCl, pH 7.5, 2 mM EGTA, 12 mM MgCl~2~, 1 mM dithiothreitol and 0.1 mM Na~3~VO~4~) at room temperature for 30 min. Next, phosphorylation was per formed for 1.5 h at room temperature in 30 ml of the same reaction buffer that contained 200 nM ATP plus 50 Ci of \[γ-^32^P\]ATP (3000 Ci/mmol). The reaction was then stopped by transferring the gel into a solution that contained 5% trichloroacetic acid (w/v) and 1% sodium pyrophosphate (w/v). The unincorporated radioactivity was subsequently removed by washing the gel for 6 h at room temperature, with five changes. The gel was then dried on 3 M paper and subjected to autoradiography. Prestained size markers were used to calculate the size of the kinases.

*In vitro* pull down assay between His-tagged OsMPK1 and GST-tagged recombinant proteins, GST only, GST-OsWRKY24, GST-OsWRKY53, and GST-OsWRKY78, were performed by using glutathione-agarose 50% slurry according to the manufacturer\'s instructions (GE health care). Proteins precipitated with glutathione-agarose complex were immunoblotted with anti-Histidine antibody.

Reverse transcription-polymerase chain reaction (RTPCR) and quantitative real-time polymerase chain reaction (qRT-PCR)
----------------------------------------------------------------------------------------------------------------------

Reverse transcription PCR and qRT-PCR was performed as described previously ([@b7-ppj-30-168]; [@b10-ppj-30-168]). In brief, qRT-PCR with the QuantiTect SYBR Green RT-PCR kit (JMC R&D) was conducted using a Rotor-Gene 2000 real-time thermal cycling system (Corbett Research). The reaction mixture (20 μl) contained 1 μl of 100 ng total RNA, 0.5 μl of 0.5 pmol specific primer, as well as appropriate amounts of enzymes and fluorescent dyes, in accordance with the manufacturer\'s instructions. After normalization to an *18S rRNA* control, the relative levels of gene expression were calculated. The primer pairs are listed in [Table 1](#t1-ppj-30-168){ref-type="table"}.

Plasmid construction and purification of recombinant proteins
-------------------------------------------------------------

The full-length cDNA clones of OsMPK1 and OsMKK4 (Accession No. AK111942 and AK120525, respectively) were kindly obtained from the Rice Genome Resource Center (<http://www.rgrc.dna.affrc.go.jp>) and the each cDNA was amplified by PCR with the provided clones as templates. The OsMPK5, OsWRKY24, Os-WRKY53, and OsWRKY78 cDNA clones used in this study were isolated by reverse transcription-PCR and were cloned into pGEM-T easy vector.

The constitutively active and inactive mutants of OsMKK4, as well as the inactive mutant of OsMPK1, were generated by site-directed mutagenesis, and ligated in frame into the pET-28a (+) vector (Novagen, USA). BL21(DE3) cells transformed with pET-28a (+) constructs were induced with 0.5 mM isopropylthio-β-thiogalactoside for 3 h. His-tagged proteins were purified using nickel columns (Qiagene, Germany) and were concentrated using Centricon-10 (Millipore, USA). The OsWRKY24, OsWRKY53, and Os-WRKY78 cDNA were constructed to pGEX4T vector for expressing the recombinant proteins. GST-tagged proteins were purified using glutathione-agarose 50% slurry according to the manufacturer\'s instructions (GE health care).

Kinase assays
-------------

Immunocomplex (IC)-kinase assay of OsMPK1 and OsMPK5 were performed with OsMPK1-specific (Anti-OsMPK1) and OsMPK5-specific (Anti-OsMPK5) antibody, respectively, by using protein extracts after wounding treatment. After immunoprecipitation, the protein kinase activity was measured by adding MBP as a substrate as previously described ([@b27-ppj-30-168]). Phosphorylation activities of OsMKK4 and its active mutant OsMKK4^DD^ were determined by using OsMPK1 and its inactive mutants OsMPK1^KR^ as substrates. Protein extracts from wounding treated rice plant were immunoprecipitated with purified OsMKK4-specific (anti-OsMKK4) antibody in immunoprecipitation buffer. Kinase activity of the immunocomplex was subsequently assayed with His-OsMPK1^KR^ as a substrate. *In vitro* phosphorylation assay for Os-WRKY53 was carried out by first incubating His-OsMPK1 (1 μg) with 0.1 μg of His-OsMKK4^DD^ in the presence of 50 μM unlabeled ATP at 30°C for 15 min. GST-OsWRKY53 recombinant protein (final concentration of 0.25 μg/μl) and \[γ-^32^P\]ATP (1μ Ci per reaction) were then added, and the reactions were stopped by the addition of SDS loading buffer after 30 min. The phosphorylated GST-OsWRKY53 was visualized by autoradiography after being resolved on a 15% SDS-polyacrylamide gel ([@b27-ppj-30-168]).

*Agrobacterium*-mediated transient transformation of tobacco plants
-------------------------------------------------------------------

Tobacco plants (*Nicotiana tabacum* cv Xanthi nc \[NN\] were grown at 25°C in a growth chamber programmed for a 14-h light cycle. Six to seven-week-old tobacco plants were used for transient transformation. *Agrobacterium tumefaciens*-mediated transient transformation experiments with *NtMEK2^DD^* construct and three different OsMKK4 constructs were performed as described previously ([@b27-ppj-30-168]).

Results and Discussion
======================

The 48-kDa MAPK activated in rice leaves by wounding is OsMPK1, which is also activated by rice blast fungus
------------------------------------------------------------------------------------------------------------

Previously Katou and co-workers suggested that the activities of both OsMPK3 (OsMPK5) and OsMPK6 (OsMPK1) were transiently increased in rice by wounding within 10 min and returned to nearly the basal level 30 min after wounding by using immunocomplex (IC)-kinase assay ([@b9-ppj-30-168]). However, we found that under our experimental conditions, activation of the MAPK of about 48-kDa was activated rapidly at 10 min after mechanical wounding treatment with scissors and the MAPK activity was decreased within 180 min to the basal level by using in-gel kinase assay with MBP as a substrate ([Fig. 1A](#f1-ppj-30-168){ref-type="fig"}). The activation of the same 48-kDa MAPK was also observed as the top band among three bands in rice leaves that were treated with rice blast fungus, *Magnaporthe grisea*, and in *NtMEK2^DD^* transgenic rice, respectively. As shown in [Fig. 1A](#f1-ppj-30-168){ref-type="fig"}, a 48-kDa MAPK was quickly and transiently activated by wounding, but the activation of a 48-kDa, and other a 45-kDa, and a 40-kDa MAPK were observed 4 days after inoculation with rice blast fungus, and 48 h after dexamethasone (DEX) treatment in *NtMEK2^DD^* transgenic rice. To confirm whether 48-kDa MAPK is activated by wounding, we raised the antibodies directed against peptides corresponding to the unique N termini of OsMPK1 and OsMPK5. However, antibody with peptides for OsMPK1 showed non-specific binding to the different proteins. Therefore, the antibody for OsMPK1 was finally raised against the whole protein of OsMPK1 purified from *E. coli*. The specificity of the anti-OsMPK1 and anti-OsMPK5 were assessed by immunoblot analysis against different His-tagged recombinant OsMKK4, OsMPK1, OsMPK5, and OsMPK12 proteins. The anti-OsMPK1 only reacted with His-OsMPK1, and not with His-OsMKK4, His-OsMPK5, or His-OsMPK12. Furthermore, the anti-OsMPK5 only reacted with His-OsMPK5, and not with His-OsMKK4, His-OsMPK1, or His-OsMPK12 ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}).

To perform an IC-kinase assay, protein extracts from leaves treated with wounding for 10 min were reacted with the OsMPK1 specific antibody anti-OsMPK1. The 48-kDa MAPK activated by wounding was immunoprecipitated by the OsMPK1-specific antibody ([Fig. 1B](#f1-ppj-30-168){ref-type="fig"}), suggesting that it is OsMPK1. An IC-kinase assay was also subjected with OsMPK5 specific antibody anti-OsMPK5 to determine whether 48-kDa MAPK was activated by wounding to react with OsMPK5 or not. However, 48-kDa MAPK was not immunoprecipitated by the OsMPK5-specific antibody ([Fig. 1B](#f1-ppj-30-168){ref-type="fig"}). These results suggest that the rice wounding-responsive 48-kDa MAPK is OsMPK1. However, activation of OsMPK1 by wounding was not associated with an increase in mRNA or protein levels, suggesting that OsMPK1 is posttranslationally activated by wounding response (data not shown). These results are consistent with a study which was conducted by [@b13-ppj-30-168], in which *OsSIPK* (*OsMPK1*) mRNA is strongly induced by jasmonic acid (JA), salicylic acid (SA), and some other stresses, but not with wounding by cut. Furthermore, the mRNA levels of *OsMAPK6* (*OsMPK1*) and OsMAPK6 (OsMPK1) protein levels remained constant and did not change in response to the sphingolipid elicitor ([@b15-ppj-30-168]).

Early, [@b28-ppj-30-168] demonstrated in tobacco that various mechanical stresses, including cutting and wounding by abrasion, activates a 48-kDa MAPK, which is SIPK, rather than WIPK, by using an immunoprecipitation complex kinase assay. Another report also suggested in soybean cells that wounding activated a 49-kDa MAPK alone when the kinase activity was tested by an in-gel kinase assay, and this MAPK was immunoprecipitated by the alfalfa MAPK, SIMK, which corresponds to tobacco SIPK and *Arabidopsis* AtMPK6 ([@b14-ppj-30-168]). In this study, however, since we determined different results to those of Katou and co-workers, further detailed work needs to be done to fully understand the biochemical mechanisms of OsMPK1 and OsMPK5 involved in wounding signaling in rice.

It has been demonstrated that tobacco wounding- and fungal elicitors-activated SIPK was involved in both disease resistance and response to wounding ([@b28-ppj-30-168]). In this study, OsMPK1 was also activated by wounding, rice blast fungus, and constitutively active mutant of NtMEK2, which is the upstream kinase of SIPK and WIPK. Furthermore, in rice, Cho and co-workers demonstrated that OsSIPK (OsMPK1) functions as a "central master switch" for integrating and converting numerous signals derived from external stimuli for adjusting physiological responses ([@b4-ppj-30-168]). Taken together, these results suggest that OsMPK1 may coordinate several distinct pathways that lead to disease resistance responses and wounding responses in rice.

OsMPK1 is the substrate of OsMKK4 in the wounding signaling pathway of rice
---------------------------------------------------------------------------

We demonstrated that the 48-kDa MAPK activation, which is OsMPK1, mainly occurred in *NtMEK2^DD^* transgenic rice after DEX treatment ([Fig. 1A](#f1-ppj-30-168){ref-type="fig"}). This result indicates that tobacco NtMEK2 can phosphorylate and activate rice MAPKs, especially OsMPK1. Thus, to investigate the MAPK cascade that mediates the wounding signaling pathway of rice, we identified OsMKK4 as a rice ortholog of tobacco NtMEK2 on the basis of their amino acid homology and generated the constitutively active or inactive mutants, *OsMKK4^DD^* or *OsMKK4^KR^*, respectively, under the control of a DEX-inducible promoter. Within 15--18 h after the application of DEX, cell death started to appear in small areas infiltrated with *Agrobactrium* carrying *OsMKK4^DD^*, however, the cell death in almost whole areas infiltrated with *Agrobactrium* carrying *NtMEK2^DD^* could be seen ([Fig. 2A upper](#f2-ppj-30-168){ref-type="fig"}). By 32--36 h, the whole area infiltrated with *Agrobacterium* carrying *OsMKK4^DD^* collapsed, as *NtMEK2^DD^* did ([Fig. 2A lower](#f2-ppj-30-168){ref-type="fig"}). In contrast, the *OsMKK4^WT^* and *OsMKK4^KR^*, a wild-type and an inactive mutant, respectively, did not show cell death, even though these proteins were expressed at a similar level ([Fig. 2B](#f2-ppj-30-168){ref-type="fig"}). The HR-like cell death phenotype is correlated with high level of activation of SIPK in tobacco. However, the cell death phenotype induced by *OsMKK4^DD^* was weaker and delayed compared to *NtMEK2^DD^*, which correlates with the non-activation of WIPK ([Fig. 2C](#f2-ppj-30-168){ref-type="fig"}). This data is consistent with the results of a study performed by [@b29-ppj-30-168] in which SIPK alone was found to be sufficient for the activation of defense responses, however, the HR-like cell death phenotype was delayed in the absence of WIPK activity. Furthermore, extensive research on interaction between SIPK and WIPK demonstrated that the co-expression of WIPK with the constitutively active mutant of NtMEK2 resulted in the high-level activation of WIPK, which leads to accelerated HR-like cell death in tobacco ([@b16-ppj-30-168]). These results indicate that OsMKK4 can phosphorylate and activate tobacco SIPK, which is the tobacco ortholog of rice OsMPK1.

Therefore, we tested whether OsMPK1 is a downstream substrate of OsMKK4. If OsMKK4 functions as the upstream kinase of OsMPK1, the OsMKK4 should be able to phosphorylate and activate OsMPK1. First, to test whether OsMKK4 is able to phosphorylate OsMPK1, inactive His-OsMPK1^KR^ proteins with the catalytic essential Lys (K) residue substituted with an Arg (R) were used as a substrate. His-OsMPK1^KR^ proteins lack autophosphorylation activity, and as such, are ideal substrates for assaying MAPKK activity ([@b27-ppj-30-168]). As shown in [Fig. 3A](#f3-ppj-30-168){ref-type="fig"}, when His-OsMKK4^WT^ and His-OsMKK4^DD^ proteins are present, His-OsMPK1^KR^ protein is phosphorylated, and is especially strongly phosphorylated by His-OsMKK4^DD^ compared to His-OsMKK4^WT^. Furthermore, phosphorylation of His-OsMPK1^WT^ by His-OsMKK4^DD^ enhanced their activities toward MBP as a substrate ([Fig. 3B](#f3-ppj-30-168){ref-type="fig"}). Also, phosphorylation of His-OsMPK1^KR^ *in vivo* is correlated with MAPKK activity of Flag-NtMEK2^DD^ in *NtMEK2^DD^-5-1* and *NtMEK2^DD^-5-4* transgenic rice plants after 48 h of DEX treatment, as investigated by IC-kinase assay ([Fig. 3C](#f3-ppj-30-168){ref-type="fig"}). However, Flag-NtMEK2^KR^ expressed in *NtMEK2^KR^-6-3* and *NtMEK2^KR^-6-7* transgenic rice plants after 48 h of DEX treatment do not activate His-OsMPK1^KR^, even though the proteins were expressed ([Fig. 3C](#f3-ppj-30-168){ref-type="fig"}). Therefore, NtMEK2 is functionally interchangeable with OsMKK4 for the activation of downstream MAPK in rice. These findings suggest that OsMKK4 might be the upstream kinase for OsMPK1 *in vitro*, and that NtMEK2 can phosphorylate the endogenous OsMPK1 *in vivo*. Since we determined that OsMKK4 is the upstream kinase of OsMPK1, we decided to investigate the interaction of OsMKK4 and OsMPK1 in wounding signaling pathway of rice, and protein extracts of leaves treated with wounding for 10 min were reacted with the OsMKK4 specific antibody anti-OsMKK4 and IC-kinase assay was performed with His-OsMPK1^KR^ as substrates. As shown in [Fig. 3D](#f3-ppj-30-168){ref-type="fig"}, the recombinant protein of His-OsMPK1^KR^ could be phosphorylated after wounding treatment. This result suggests that OsMKK4 can phosphorylate the OsMPK1 by wounding *in vivo*, and that OsMKK4 is upstream kinase of OsMPK1 in the wounding signaling pathway.

The entire MAPKKK-MAPKK-MAPK cascade for the signaling of several abiotic and biotic stresses has been demonstrated from numerous studies in dicot plants, such as *Arabidopsis* and tobacco. However, the stress-responsive entire MAPK cascade of monocot plants, especially model crop rice, is less well-discussed. Recently, the OsMKK4-OsMPK6 (OsMPK1) cascade that plays a crucial role in reprogramming plant metabolism during chitin elicitor-triggered defense response of rice ([@b11-ppj-30-168]). Xie and co-workers demonstrated the OsMKK6-OsMPK3 (OsMPK5) cascade constitutes a moderately low-temperature signaling pathway and regulates cold stress tolerance in rice ([@b26-ppj-30-168]). Recently, a high-quality mapped MAPK interaction network in rice has been described using the yeast two-hybrid system and co-immunoprecipitation, pull-down, bimolecular fluorescence complementation, subcellular localization, and kinase assay experiments ([@b24-ppj-30-168]). However, only the two MAPKK-MAPK pairs, OsMKK4-OsMPK6 (OsMPK1) and OsMKK6-OsMPK3 (OsMPK5), have been functionally analyzed in rice so far ([@b23-ppj-30-168]). In this study, we determined that OsMKK4 is the upstream kinase of OsMPK1 in wounding signaling pathway in rice. To our knowledge, this is the first detailed biochemical study to demonstrate the identification of the OsMKK4-OsMPK1 cascade involving the wounding signaling pathway in rice.

Phosphorylation of wounding-responsive OsWRKY53 by OsMPK1
---------------------------------------------------------

Recently, WRKY8 was identified as a substrate of SIPK, WIPK and NTF4 in tobacco and WRKY33, the closest *Arabidopsis* WRKY to tobacco WRKY8, was also identified as a substrate of MPK3/MPK6 in *Arabidopsis* ([@b6-ppj-30-168]; [@b17-ppj-30-168]). To understand the downstream substrates that are regulated by the wounding-responsive OsMKK4-OsMPK1 cascade, we first analyzed the expression of WRKY genes in the *NtMEK2^DD^* transgenic rice plant after treatment with DEX. We selected OsWRKY24, OsWRKY53 and OsWRKY78, the closest rice WRKY to *Arabidopsis* WRKY33 and tobacco WRKY8, through amino acid alignment using SP cluster and D domain. Since it was reported that OsMPK1 phosphorylated OsWRKY45 protein *in vitro*, we also selected OsWRKY45 as a positive control ([@b25-ppj-30-168]). As shown in [Fig. 4A](#f4-ppj-30-168){ref-type="fig"}, the *OsWRKY24*, *OsWRKY53*, and *Os-WRKY45*, were highly induced in the *NtMEK2^DD^* transgenic rice plant within 12 h of treatment with DEX, whereas *OsWRKY78* wasn't induced.

The interaction between OsMPK1 and OsWRKYs was confirmed by *in vitro* pull-down assays. OsWRKYs were glutathione S-transferase (GST)-tagged and purified in *E. coli*. The recombinant GST alone, 86-kDa GST-OsWRKY24, 77-kDa GST-OsWRKY53, or 93-kDa GST-OsWRKY78 proteins were confirmed with anti-GST antibody by immunoblot analysis, even though lots of recombinant degraded forms were present ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}). After His-OsMPK1 was incubated with glutathione-agarose-bound GST, GST-OsWRKY24, GST-OsWRKY53, or GST-OsWRKY78, respectively, and the pull-down products were detected by immunoblot analysis using anti-Histidine antibody. His-OsMPK1 was pulled down with only GST-OsWRKY53, but not GST, GST-Os-WRKY24, or GST-OsWRKY78, suggesting that OsMPK1 could interact with OsWRKY53 ([Fig. 4B](#f4-ppj-30-168){ref-type="fig"}).

To determine the phosphorylation of OsWRKY53 by OsMPK1, we applied *in vitro* phosphorylation assay. As shown in [Fig. 4C](#f4-ppj-30-168){ref-type="fig"}, OsMPK1 activated by the constitutively active mutant OsMKK4^DD^ phosphorylated OsWRKY53. These data suggest that OsMPK1 directly phosphorylates OsWRKY53 protein *in vitro*. Moreover, the transcript levels of *OsWRKY53* were induced dramatically by wounding ([Fig. 4D](#f4-ppj-30-168){ref-type="fig"}). Taken together, these results suggest that OsWRKY53 may function downstream of OsMKK4-OsMPK1 cascade in the wounding signaling pathway in rice.

Wounding activates large-scale changes in the expression of transcription factors, including the WRKY family in plant ([@b2-ppj-30-168]). However, a few studies described the interaction between MAPK and WRKY transcription factor were represented in rice. Koo and coworkers suggested that OsBWMK1 (OsMPK12) leads to OsWRKY33 phosphorylation, which enhances the DNA-binding activity of OsWRKY33 and the transcription of a PR1 promoter ([@b12-ppj-30-168]). In case of OsWRKY30, phosphorylation of OsWRKY30 by MAPKs plays a crucial role in allowing OsWRKY30 to performing its biological function, which is related to drought tolerance ([@b22-ppj-30-168]). Recently, two MAPKs, OsMPK4 and OsMPK6 (OsMPK1), phosphorylated OsWRKY45 protein *in vitro*, and the activity of OsMPK6 (OsMPK1) was rapidly up-regulated by SA treatment in rice cells ([@b25-ppj-30-168]). However, it has not been attempted to understand the downstream substrate of MAPK cascade involving in the wounding signaling pathway in rice so far. In this study, we demonstrated that the wounding-responsive OsMKK4-OsMPK1 cascade phosphorylates OsWRKY53 *in vitro*. Previously, [@b5-ppj-30-168] suggested that *OsWRKY53* is induced by a fungal cerebroside elicitor and the blast fungus *Magnaporthe grisea*. Also several defense-related genes including PBZ1, PR-5, chitinase, and peroxidase are upregulated in rice cells overexpressing OsWRKY53, and overexpression of OsWRKY53 in rice plants results in enhanced resistance to *M. grisea*. As shown in [Fig. 1](#f1-ppj-30-168){ref-type="fig"}, OsMPK1 was activated by wounding and *M. grisea* as well. Therefore, this wounding-responsive OsMKK4-OsMPK1-OsWRKY53 cascade might be also involved in defense response to rice blast. The OsMKK4-OsMPK1-OsWRKY53 cascade thus maybe an important player in regulating crosstalk between abiotic stress, such as wounding, and biotic stress, such as fungal pathogen. Identification of components involving in wounding signaling pathway, such as OsMKK4, OsMPK1, and OsWRKY53 transcription factor, will contribute to our understanding of how rice plants have evolved to cope with environmental stresses.

Supplementary figure legends
============================

Supplementary data associated with this article can be found in the online version of Plant Pathol. J.
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![Identification of wounding-responsive OsMPK1. (A) The activation of 48-kDa MAPK in rice after the treatment of mechanical wounding (0, 10, 30, 60, and 180 min) was determined by in-gel kinase assay with MBP as a substrate. Protein extracts from *M. grisea*-infected (0, 1, 2, 3, and 4 day) rice leaves and *NtMEK2^DD^* transgenic rice plants after DEX treatment (48 h) were also collected and analyzed by in-gel kinase assay. (B) The 48-kDa MAPK activated by wounding corresponds to OsMPK1. To perform an immuno-complex (IC)-kinase assay, protein extracts from untreated and wounding-treated (10 min) rice leaves were immunoprecipitated with the OsMPK1-specific (anti-OsMPK1) or OsMPK5-specific (anti-OsMPK5) antibody. The kinase activity of immunocomplex was determined by an in-solution kinase assay with MBP as a substrate, and the phosphorylated MBP was visualized by autoradiography.](ppj-30-168f1){#f1-ppj-30-168}

![Expression of OsMKK4^DD^ induces HR-like cell death and activates SIPK in tobacco. (A) *Agrobacterium* carrying the indicated constructs in pTA7002 vector was transiently transformed into different sections of tobacco leaves. Two days later, the transgene expression was induced by the application of DEX (30 μM). Photographs were taken at 18 and 36 h after DEX treatment. In the table, 'HR' denotes the development of HR-like cell death, and '--' indicates no visible phenotype. (B and C) Induction of OsMKK4^DD^ expression activates SIPK in tobacco. To confirm the activation of tobacco SIPK and WIPK, NtMEK2^DD^ construct was used as a positive control. Expression of transgenes was monitored by immunoblot analysis (IB) by using anti-Flag antibody. The MAPK activities after DEX treatment were determined by an in-gel kinase assay with MBP substrate. The band corresponding to WIPK is indicated with asterisks (\*). All experiments were repeated two times with similar results.](ppj-30-168f2){#f2-ppj-30-168}

![OsMKK4 phosphorylates and activates OsMPK1 *in vitro* and *in vivo* after wounding. (A) OsMKK4^DD^, the constitutively active mutant of OsMKK4, phosphorylates OsMPK1. Phosphorylation activity of His-OsMKK4^WT^ and His-OsMKK4^DD^ (0.1 μg) were tested using inactive mutant (His-OsMPK1^KR^, 1 μg) as a substrate. Reactions in the absence (--) of OsMKK4 were used as a control. (B) The OsMPK1 activated by OsMKK4^DD^ phosphorylates MBP substrate. His-OsMPK1^WT^ (1 μg) was incubated in the absence (--) or with 0.1 μg of His-OsMKK4^DD^, in kinase reaction buffer including 50 μM unlabeled ATP. Phosphorylated MBP (P-MBP) that indicates the activity of MAPK could be visible by autoradiography after SDS-PAGE. CBB staining of His-OsMKK4^DD^, His-OsMPK1 and MBP was shown in the lower panel. (C) Expression of *NtMEK2^DD^* phosphorylates OsMPK1 following DEX treatment in *NtMEK2^DD^* transgenic rice plants. The indicated *NtMEK2^KR^* and *NtMEK2^DD^* transgenic rice plants were collected 48 h after DEX treatment and transgene expression was analyzed by immunoblot analysis (IB) using anti-Flag antibody (Top). The kinase activities of Flag-tagged NtMEK2^KR^ and NtMEK2^DD^ were analyzed by an immunocomplex (IC)-kinase assay with His-OsMPK1^KR^ as a substrate. (D) OsMKK4 phosphorylates the OsMPK1 by wounding *in vivo*. Protein extracts treated with wounding were immunoprecipitated with OsMKK4-specific antibody anti-OsMKK4. Kinase activity of the immunocomplex was subsequently assayed with His-OsMPK1^KR^ as a substrate.](ppj-30-168f3){#f3-ppj-30-168}

![OsMPK1 directly interacts with OsWRKY53 and the OsMPK1 activated by OsMKK4^DD^ phosphorylates OsWRKY53 *in vitro*. (A) Induction of NtMEK2^DD^ expression leads to the activation of *OsWRKY24*, *OsWRKY53*, and *OsWRKY45*. Total RNA was isolated from the samples from *NtMEK2^KR^-6-3* and *NtMEK2^DD^-5-1* transgenic rice plants collected at the indicated times following DEX treatment, and RT-PCR was then performed. The *18S rRNA* was used as a loading control. (B) OsWRKY53 directly interacts with OsMPK1. *In vitro* pull down assay between His-tagged OsMPK1 and GST-tagged recombinant proteins, GST only, GST-OsWRKY24, GST-OsWRKY53, and GST-OsWRKY78, were performed by using glutathione-agarose. Proteins precipitated with glutathione-agarose complex were immunoblotted with anti-Histidine antibody. His-OsMPK1^WT^ (shown in input lane) was used as a positive control. (C) The OsMPK1 activated by OsMKK4^DD^ phosphorylates OsWRKY53. His-OsMPK1^WT^ (1 μg) was incubated in the absence (--) or with 0.1 μg of His-OsMKK4^DD^ in the kinase reaction buffer including 50 μM unlabeled ATP and then the GST-OsWRKY53 recombinant protein was added. Phosphorylated GST-OsWRKY53 (P-GST-OsWRKY53) that indicates the activity of MAPK could be visible by autoradiography after SDS-PAGE. CBB staining of GST-OsWRKY53 and His-OsMPK1 was shown in the lower panel. (D) The expression of *OsWRKY53* was induced after wounding (0, 10, 30, 60, and 180 min) treatment. Transcripts levels were determined by qRT-PCR. Levels of *18S rRNA* transcripts were used to normalize the different samples. Data shown are means ±SE of samples conducted in triplicate.](ppj-30-168f4){#f4-ppj-30-168}

###### 

Gene specific primer pairs used for RT-PCR and qRT-PCR

  Gene         Forward primer (5′-3′)   Backward primer (5′-3′)
  ------------ ------------------------ -------------------------
  *OsWRKY24*   GACCTGAGGGATTCCGATGAC    CGACGGGAAGATACTGGAGG
  *OsWRKY53*   CCGTTCATCACGTCGTTCAC     GGTCGGGGACGCCAAGATA
  *OsWRKY78*   TACAGGATGCCCAGTCAGGA     AGGCCCTGCATATTGCTGTT
  *OsWRKY45*   CGGGTAAAACGATCGAAAGA     CCCCAGCTCATAATCAGGAA
  *18S rRNA*   ATGATAACTCGACGGATCGC     CTTGGATGTGGTAGCCGTTT
